The structure of the diffusion regions in antiparallel magnetic reconnection is investigated by means of a theory and a Vlasov simulation. The magnetic diffusion is considered as relaxation to the frozen-in state, which depends on a reference velocity field. A field-aligned component of the frozen-in condition is proposed to evaluate a diffusion-like process. Diffusion signatures with respect to ion and electron bulk flows indicate the ion and electron diffusion regions near the reconnection site. The electron diffusion region resembles the energy dissipation region. These results are favorable to a previous expectation that an electron-scale dissipation region is surrounded by an ion-scale Hall-physics region. [http://dx
The structure of the diffusion regions in antiparallel magnetic reconnection is investigated by means of a theory and a Vlasov simulation. The magnetic diffusion is considered as relaxation to the frozen-in state, which depends on a reference velocity In collisionless reconnection, it is expected that the DR develops a nested structure of an outer ion-physics layer and an inner electron-physics layer due to different magnetization.
3-5
These layers are popularly called the ion diffusion region (IDR) and the electron diffusion region (EDR), but they are only loosely defined. Signatures of these DRs, in particular for the EDR, have been investigated over many years. [6] [7] [8] [9] [10] In the case of the EDR, one of the most promising EDR signatures is the nonideal energy dissipation from the fields to plasmas. 10 Its relevance to the magnetic diffusion process deserves further research. In the case of the IDR, it was recently pointed out that the magnetic diffusion should involve the violation of the ion frozen-in condition and that the chaotic particle dynamics explains the ion nonidealness outside the diffusion-like region.
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In this contribution, we discuss basic properties of the DRs in line of Ref. 11 in more detail. We briefly outline our interpretation of magnetic diffusion, based on fundamental concepts. 12-16 Particular attention is paid to one case of the violation of the frozen-in condition. Next we test our idea by a Vlasov simulation. Then, we discuss the relevance between the DRs and the dissipation region from the viewpoint of the energy flow, followed by the summary.
We begin with an arbitrary Ohm's law, E + v × B = R, where v is a smooth velocity field and R is the sum of the nonideal effects. The induction equation yields
The last term is introduced by the nonidealness, R = 0. An Ohm's law R = ηj with a simple scalar resistivity yields
where α = η/µ 0 is the diffusion coefficient. This suggests that the magnetic field relaxes into the ∆B = 0 state through magnetic diffusion. Although the exact form of R is unknown in a kinetic plasma, we expect that the ∇ × R term approaches zero through magnetic diffusion-like processes.
The ∇ × R = 0 condition is known as the flux preservation or the flux frozen-in.
12,13
When this condition is met, the total magnetic flux through a surface which is moving with velocity v remains constant, as illustrated in Fig. 1(a) . Note that the ideal condition R = 0 is sometimes incorrectly referred to as the frozen-in condition. The frozen-in condition across the curve that bounds the surface ( Fig. 1(b) ). The second case is related to the magnetic connectivity of fluid elements, formally known as the line preservation. 12, 13 We interpret it as the rotation of the field line ( Fig. 1(c) ). For example, if no magnetic flux initially penetrates a comoving surface tangent to the field line, the field line (the dashed line) will penetrate the surface. The two fluid elements, initially on the same field line, will be threaded by different field lines after the rotation.
We focus on the first case of the violation, because it better fits our intuition of diffusion processes. Let us introduce the loss rate of magnetic flux due to the nonideal effects,
This corresponds to a free parameter 'µ' in a topology-conserving flow
e., L = µ|B|. During magnetic diffusion-like processes, we expect that the magnetic field approaches the ∇ × R = 0 state via magnetic loss or gain, L = 0.
The direction of the flux transfer depends on the context. In general it tends to smooth a magnetic profile, as indicated by Eq. (2) . To see the context, we compare Eqs. (1) and (2) to estimate an effective diffusivity,
field-aligned component, and since the true diffusivity will not be a scalar anyway, 17, 18 it is plausible to keep our analysis simple.
Importantly, the Ohm's law is a function of v, that is, R = R(v). Therefore, the idealness, the frozen-in, and magnetic diffusion are relative concepts that depend on the reference velocity field v. Regarding the velocity field v, a magneto-fluid velocity is a natural choice in the MHD, but we have many choices in a kinetic plasma. In the case of the EDR, it is reasonable to employ the electron velocity v e as a reference. We expect that the magnetic field relaxes toward the ∇ × R(v e ) = 0 state in the EDR. We can similarly discuss the IDR by choosing v i as a reference velocity field.
B
Convection by v We carry out an electromagnetic Vlasov simulation of magnetic reconnection to test the above idea and diffusion measures (Eqs. (3) and (4)). In contrast to a popular particle-in-cell (PIC) method, the Vlasov method is free from particle noise and therefore more suitable to see a basic structure and its spatial gradients. Our code solves two spatial dimensions and three velocity dimensions (r ≡ (x, z)) and (v ≡ (v x , v y , v z )). It employs a conservative semiLagrangian scheme 19 and includes recent improvements. 20, 21 We employ normalized units: Figure 2 show physical quantities at t = 30. Although the system is still evolving, the electron-scale structure near the X-line is well developed at this time. The flux transfer rate E y /(c Ai B 0 ) at the X-line (the reconnection rate) reaches a quasi-steady state after t 20. We confirmed that key features are consistent with the results in PIC simulations.
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Figure 2(a) shows the out-of-plane current density, J y . It has a two-scale structure 22 of an intense electron current layer near the midplane (|z| 0.5) and a broader ion current layer over few d i 's. Figure 2(b) shows the magnetic loss with respect to the ion flow, L(v i ).
The positive region ranges widely over |x| 7. Since the magnetic field decreases from the upstream regions to the midplane, and since the magnetic gradient (the electric current) becomes steeper in the closer vicinity of the midplane (z = 0), such magnetic loss is consistent with magnetic diffusion. It is also evident along the separatrices. This is probably due to the polarization electric field E z , but we focus on the central DRs in this paper. bidirectional jets from the X-line are well-known signatures of kinetic reconnection. 7 They also correspond to the electron current layer in |z| 0.5 ( Fig. 2(a) ). Electrons undergo Speiser-type bounce motion inside this layer. jets with R ey < 0, as previously reported. 7 Since L(v e ) ≈ ±∂ z R ey around the center, the length of the loss regions ( Fig. 2(d) ) are comparable with the length of the R ey > 0 region.
Meanwhile, the compressional (green) region enters the R ey < 0 region at z = 0, as long as L(v e ) ≈ ±∂ x R ey is nonzero. Figure 2(f) shows an effective diffusivity with respect to the electron velocity, α eff (v e ) (Eq. (4)). We recognize the α eff > 0 region near the center. This indicates that the magnetic flux relaxes to the electron frozen-in state in a diffusion-like manner. It looks puzzling near the midplane |z| < 0.25, because the electric current density has two peaks at z ≈ ±0.25 (Fig. 2(a) ). Here electrons are bouncing in z inside the electron current layer. It is possible that our simple analysis is no longer useful in such an extreme kinetic limit, and so we may better to rule out this narrow layer. Summarizing these results, although there is some ambiguity, we recognize a compact region around |x| 3, |z| 0.7
(Figs. 2(d) and 2(f)). Since this is identified by a diffusion-like behavior of the magnetic
field with respect to the electron flow, it is reasonable to call it the EDR. As expected, the EDR is an electron-scale localized region near the X-line. compact site of energy dissipation near the X-line, i.e., the dissipation region. 10 The EDR looks similar to, but slightly wider in z and shorter in x than the dissipation region. We attribute this minor difference to the energy flow. Applying B· to Eq. (1), we obtain the nonideal part of the magnetic energy equation,
For v = v e , the left hand side gives a similar picture as Fig. 2(d) . The first term on the right is presented in Fig. 2 (h) with respect to v e . We interpret The last term corresponds to the nonideal energy transfer between the field and plasmas ( Fig. 2(g) ), as D e = j · R(v e ) = j · R(v i ) in a neutral ion-electron plasma.
On the inflow side of the EDR, the magnetic field departs from the electron flow ( Fig. 2(d) ). This is a magnetic diffusion-like behavior. As the electric field becomes nonideal, Poynting flux is carried by its nonideal part (≈ − 1 µ 0 R ey B x ). Thus the nonideal Poynting flux emanates here ( Fig. 2(h) ). It carries energy in z and then disappears near the midplane (the blue sinks in Fig. 2(h) ), where a plasma gains energy instead, as marked by D e (Fig. 2(g) ). As the electrons diverge in x through the Speiser-type motion, the sink region ranges longer in x than the source regions of the electron nonideal Poyting flux. In short, the EDR and the dissipation region can be regarded as the upstream source or the downstream sink of the nonideal Poynting flux.
Diffusion signatures are also found with respect to the ion flow ( Fig. 2(b) ). This region should include the IDR. At this point, the size of the IDR remains unclear, because our simulation box is too small. From the energy viewpoint, the difference between the IDR and EDR arises from the Poynting flux by the Hall electric field in the generalized Ohm's law,
This makes sense, because the Hall physics should play a role in the IDR. As well known, the Hall electric field does not involve direct energy conversion to plasmas. This is complement to the fact that the IDR does not involve significant energy dissipation D e . Practically, it is difficult to evaluate the diffusivity (Eq. (4)) for the ion flow, because ∆B already contains electron-scale structures. For better discussion, it is necessary to evaluate magnetic diffusion in a coarse manner, by averaging physical quantities over an ion-physics scale.
We have examined magnetic diffusion properties in one configuration: symmetric antiparallel reconnection. Results can be different in guide-field configuration, in which a nonreconnecting magnetic field dominates around the reconnection point. Moreover, our diffusion properties differ from the magnetic tilt, or the violation of the line preservation [b × (∇ × R) = 0], which indicates "reconnection" of the field lines. In order to see whether magnetic diffusion is essential, the line preservation as well as the diffusion properties need to be investigated in various types of magnetic reconnection.
In summary, we have studied the diffusion regions surrounding the X-line in magnetic reconnection. Recognizing the role of the frozen-in condition in magnetic diffusion, we have proposed the diffusion properties and have applied them to anti-parallel magnetic reconnection. Taking advantage of the low-noise Vlasov simulation, we have recognized the electron-scale and ion-scale DRs. The EDR is almost similar to the dissipation region.
The minor difference is attributed to the nonideal part of Poynting flux near the X-line.
The difference to the ion-scale region is attributed to Hall physics. These results are consistent with a previous expectation
